Sputter-deposited V-doped SrZrO 3 (SZO) films were deposited on textured LaNiO 3 (LNO) bottom electrodes to investigate the resistance switching properties and reliabilities. The microstructures of the SZO and LNO films were characterized by x-ray diffraction. The resistance of the Al/V-doped SZO/LNO sandwich structures can be reversibly switched by operating with dc bias voltages or voltage pulses. The device with [100] orientated SZO film had better resistance switching properties and the resistance ratio was more than 1000. The effect of thermal treatment on resistance switching properties was investigated and different behaviour of the two leakage-states was found. Finally, the reliability of the device was also investigated. The device with the properties of reversible resistance switching and non-destructive readout is suitable for nonvolatile memory application.
Introduction
Nonvolatile memory (NVM) has recently become an important part of the semiconductor industry due to the popularity of portable equipment. The requirements for a high performance NVM are that it should have the properties of reversible switching, non-destructive readout, low operation voltage, long retention time, high endurance, high operation speed, low power consumption, small size and low cost [1] . Many new devices have been proposed for NVM applications [1] [2] [3] [4] [5] . Resistive random access memory (RRAM) is one of the promising candidates for the next generation NVM. The RRAM has the superior properties of reversible switching, long retention time, multilevel switching, simple structure and small size [6] . Recently, perovskite oxide films have attracted much interest in the investigation of the resistive memory effect [7] [8] [9] [10] . The resistance of RRAM can be switched between high and low values by operating with dc bias voltages or voltage pulses. In this paper, the sputtering deposition technique was employed to form the metal/Vdoped SrZrO 3 (SZO)-based insulator/metal (MIM) sandwich structure. LaNiO 3 (LNO) films with the advantages of low cost and low process temperature were fabricated as bottom electrodes to study the effect of the textured bottom electrodes on the resistance switching properties. The effect of thermal treatment on the resistance switching properties of the SZO film was also investigated. Finally, the reliability of the SZObased RRAM was studied.
Experimental
The 4 inch boron-doped (100) silicon wafers were cleaned by the standard Radio Corporation of America (RCA) cleaning process. After cleaning, a 200 nm thick SiO 2 layer was thermally grown on silicon substrates by a furnace to isolate the leakage current from the silicon substrate. Then a 60 nm thick LNO conducting film was grown at 300
• C on a SiO 2 /Si substrate to form a [100] orientated bottom electrode. second approach, a 50 nm thick SrTiO 3 (STO) buffer layer was deposited at 550
• C on a SiO 2 /Si substrate and then a 60 nm LNO film was deposited at 300
• C to form a [110] orientated bottom electrode. After that the 90 nm thick 0.2% V-doped SZO films were deposited on the above two different textured electrodes at 450
• C with the same deposition time as the insulator layers. All LNO, STO and SZO thin films were prepared by radio-frequency (rf) magnetron sputtering. Finally, a 300 nm thick Al top electrode was deposited by a thermal evaporator to form the MIM sandwich structures for electrical measurement. The area of top electrodes patterned by a metal mask was 4.9 × 10 −4 cm 2 . The crystallized orientation was examined by x-ray diffraction (XRD, Rigaku x-ray diffractometer). On the basis of the XRD data, the average grain size was determined using Scherrer's formula. An Agilent 4155C semiconductor parameter analyser was used to record the current-voltage (I -V ) characteristics and the Agilent 81110A pulse generator was used to generate voltage pulses to change the resistance of the MIM device. Figure 1 depicts the XRD patterns of the two different textured LNO bottom electrodes and the SZO films on these electrodes. The 300
Results and discussion
• C deposited LNO film on the SiO 2 /Si substrate had [100] preferred orientation, as shown in figure 1(a). Obviously, a highly orientated LNO film can be successfully grown at such a low process temperature. Figure 1 (a) also depicts that the [100] orientated SZO film was deposited on this LNO/SiO 2 /Si substrate. However, it is difficult to deposit a [110] orientated LNO film directly on a SiO 2 /Si substrate by the sputtering deposition technique. As a second bottom electrode, a [110] orientated STO film was grown on the SiO 2 /Si substrate at 550
• C as a template layer and then a LNO film was deposited on the STO/SiO 2 /Si substrate at 300
• C. As a result, the [110] orientated LNO bottom electrode was successfully obtained ( figure 1(b) ). Finally, the [110] orientated SZO film was successfully grown on the LNO/STO/SiO 2 /Si substrate ( figure 1(b) ). figure 4) . While the applied voltage in the negative direction was large enough to start the first resistance switching, the I -V characteristics were rapidly changed to follow the curve of the high leakage-state. After that, while the applied voltage in the positive direction was large enough, the I -V characteristics were rapidly changed to follow the curve of the low leakage-state. The sequence can be repeated as described in figure 2 ; the I -V characteristics were switched between high leakage-state and low leakagestate and were never switched back to the original state. The leakage-states can be maintained without power supply, which can be used as memory applications. The resistance ratio of these two leakage-states decreases with the increasing bias voltage in both directions (inset of figure 2 ), which is due to the different conduction mechanisms of the two leakagestates [11] . The resistance ratio is more than 3 orders of magnitude under low bias voltage and about 100 at 5 V. As can be seen in figure 2 , the switching voltages are 8 V in the positive direction and −13 V in the negative direction, respectively. The switching voltage should relate to the crystallinity of the SZO film. Furthermore, the asymmetric switching voltages may be due to the asymmetric interfaces of the SZO film with the top and bottom electrodes. Figure 3 shows the relation of leakage current density versus time for the [100] orientated device with and without the thermal treatment read 5 times at 1.2 V as varied with different voltage pulses. The thermal treatment was performed by a rapid thermal annealing (RTA) system at 650 • C in O 2 ambient for 1 min. After a +20 V, 500 µs pulse was applied on the top electrode of the [100] orientated device, the leakage current density of the high leakage-state was changed to that of the low leakage-state. After a −20 V, 500 µs pulse was applied, the leakage current density of the low leakage-state was changed to that of the high leakage-state. The resistance ratio of the two leakagestates is more than 3 orders of magnitude. The write-readerase-read sequence can be repeated and the leakage-state would not be altered by read bias voltages. Therefore, a device with the properties of reversible switching by voltage pulses and non-destructive readout is indeed demonstrated. The device with thermal treatment had similar resistance switching behaviour, but the resistance ratio decreased. Compared with the leakage current density of the device without thermal treatment, the leakage current density of the high leakagestate remains almost the same whereas that of the low leakagestate increases. However, its static I -V characteristics are almost the same with those of the [100] orientated device without thermal treatment except that the leakage current densities of high and low leakage-states increase a little. Such a phenomenon would be due to the different conduction mechanisms of the two leakage-states. It was reported in our previous study [11] that the leakage current density of the high leakage-state obeyed Ohmic mechanisms and that of the low leakage-state followed the Frenkel-Poole emission. For pulse operation, the leakage current densities are sensitive to pulse width [1] . The charges and traps of the SZO film would be rearranged after a pulse operation, which leads to the variation in the leakage current density of the low leakage-state. The resistance ratio of the device with thermal treatment becomes about two orders of magnitude, which is attributed to an increase in the leakage current density of the low-leakage state. Figure 4 shows the plot of the leakage current density stressed at 5 V versus stress time, indicating that leakage current densities of all leakage-states would not be varied by a constant voltage stress. The larger current density of the original-state occurs at the beginning, then decreases to reach the equilibrium current density after a short period of time, which is a relaxation behaviour. The leakage current density of the leakage-states stressed under negative bias voltage was also not varied (not shown). For the resistance switching, the positive bias voltage tends to change the leakage-states to a low leakage-state while the negative bias voltage tends to change the leakage-states to a high leakage-state. The leakagestates are not changed to another leakage-state by a dc bias stressing voltage less than the switching voltage, which means the device has a non-destructive readout property and stores the information for a long time. Furthermore, the device was not degraded after stressing for a long time, indicating that the device had good electrical properties. Figure 5 shows the retention behaviour of the [100] orientated device. Although the retention behaviour of the RRAM is not well-known at high temperature, thermal acceleration testing was still used to avoid tedious measurement. For the device with a low leakage-state, after being heated at 150
• C for 1.5 h its I -V characteristics obviously decreased. However, the device with a high leakage-state after the same thermal treatment remained almost the same. After being heated at 200
• C for 1.5 h, the I -V characteristics of the device with the low leakagestate decreased to close to that of the original state. After being heated at 200
• C for 1.5 h, the I -V characteristics of the device with the high leakage-state decreased. At higher heating temperature such as 250
• C, the I -V characteristics of both states reverted to those of the original state. the leakage-states had reverted back to the original state, the device could still be operated as described in figure 2 . The retention time of the high leakage-state is about 1.5 h at 250
• C and that of the low leakage-state is about 1.5 h at 150
• C. The above phenomena mean that the original-state is the most stable leakage-state and the L-state is the most unstable leakage-state. From the previous investigation [11] , the switching time from the high leakage-state to the low leakage-state is much longer than that from the low leakage-state to the high leakage-state. The difference in the switching time implies different stability of the two leakage-states, which is consistent with the retention behaviour.
Conclusions
In conclusion, the SZO-based MIM structures were fabricated by a sputter deposition technique to investigate the resistance switching properties. The [100] orientated device had better resistance switching properties than the [110] orientated device. The reversible resistance switching can be successfully operated with dc bias voltages or voltage pulses. The device was stressed by a constant voltage to demonstrate the non-destructive readout and good electrical properties. The retention behaviour of the high leakage-state and the low leakage-state was different, implying different switching mechanisms.
